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© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

According to the Hall-Petch relationship [1,2], grain size plays
an important role in determining the properties of polycrystalline materials. Ultra-ﬁne grained (UFG) or nanocrystalline
(NC) materials generally show some excellent properties like
high strength [3–5], improved ductility [6,7] and superplas-

∗

ticity [8–10] compared with the coarse-grained counterparts,
without the need for changing the chemical composition.
Extensive research has been carried out on various grain
reﬁnement techniques over the past several decades. However, the fabrication of UFG or NC materials is difﬁcult when
conventional plastic deformation processes are used, due to
the low feasibility and high cost. Among the new methods to
produce UFG or NC materials effectively, severe plastic deformation (SPD) techniques are becoming increasingly popular
[11–14]. SPD methods are capable of inducing high plastic
strains, resulting in highly reﬁned grains. Among the SPD tech-
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niques, high pressure torsion (HPT) has a number of unique
advantages. Speciﬁcally, compared with other SPD techniques,
the HPT technique can offer extremely high continuous shear
stain in one step. Therefore, HPT has recently attracted extensive research interest for various materials [15–18].
It is well known that the grain reﬁnement process inﬂuences the evolution of microstructure. A number of studies
on microstructure evolution have been undertaken to investigate the mechanism of grain reﬁnement. Studies of different
predominant mechanisms of plastic deformation in the ferrite and austenite in duplex stainless steel processed by HPT
indicate that stacking-fault energy (SFE) is a key factor in
determining the way of grain reﬁnement [19]. Due to their
superior ductility, aluminium (Al) and its alloys are widely
used in investigations on HPT. In contrast to low-SFE materials in which twinning and de-twinning play an important
role during plastic deformation, dislocation activity is the primary grain reﬁnement mechanism in high-SFE materials such
as Al. The microstructure evolution of HPT-processed Al can be
roughly divided into two stages: (1) grain fragmentation stage
and (2) steady-state stage [20]. In the steady-state stage, saturation of grain reﬁnement and hardness is achieved. Thus this
stage is also termed as the saturation stage, which is generally
observed for strains  ≥ 16 in most cases [21]. The morphology
of HPT-processed Al depends greatly on the direction of observation [22,23]. Most previous papers focus on the SD (shear
direction)-RD (radial direction) plane and SPN (shear plane
normal)-SD plane. The microstructure and texture evolutions
on the SPN-RD plane have been rarely studies until now.
During plastic deformation, the fragmentation of parent
grains is affected by their orientations. It has been reported
that grain size with preferential orientation is larger in 50%
cold-rolled copper [24]. A similar phenomenon was found
in the experiment conducted by Raabe et al., in which the
orientation gradient is prominent in the unstable texture component but absent in the stable orientation of cold-rolled iron
[25]. Quantitative analysis of grain subdivision demonstrated
different fragmentation behaviours for different orientations
in cold-rolled Al. It has been observed that the orientation gradient is much larger in three non-ideal orientations
while the grains with orientations close to stable ␤-ﬁbres
possess relatively small misorientations [26]. One of the potential mechanisms for the correlation between fragmentation
behaviour and orientation is attributed to orientation symmetry [27]. Speciﬁcally, orientations aligned with the loading
or sample symmetries are unstable during deformation. These
orientations are prone to subdivision because they are located
on the diverging lines of the velocity ﬁeld and tend to rotate
in two different directions. In addition to plane-strain deformation, the inﬂuence of orientation on grain fragmentation is
also observed in torsional deformation. Naghdy et al. [28] have
studied the dependence of grain size on the orientation in pure
Al processed by HPT. It is found that the ideal components
are generally larger than non-ideal components. However, the
study has been limited at only one certain equivalent strain.
Besides, the contrary fragmentation behaviour observed in the
small grains has not been explained satisfactorily.
In the present work, as a widely used engineering material,
1050 Al alloy is processed by HPT at room temperature until
grain reﬁnement saturation. A full picture of the microstruc-

Table 1 – Chemical composition of Al 1050.
Element
Wt.%

Fe

Si

Mn

Mg

Ti

Zn

Cu

Al

0.31

0.06

0.04

0.01

0.02

0.04

0.02

Bal.

ture on the SPN-RD plane is revealed based on a quantitative
analysis of the microstructure characteristics. Concurrently,
the corresponding texture is analysed with the aim of revealing the relationship of texture evolution and grain size at
the steady-state stage. Also, the inﬂuence of grain orientation
on fragmentation with statistical signiﬁcance is discussed in
detail.

2.

Experiment

2.1.

Sample

The material used in the present work was Al 1050. Its chemical composition is given in Table 1. The original sample was
in the form of an extruded rod with a diameter of ∼15 mm.
The diameter of the extruded rod was reduced to 10 mm on a
lathe. Then the 10 mm diameter rod was cut into 1.5 mm thick
discs using wire cutting. To obtain recrystallized grains, these
discs were pre-annealed at a temperature of 300◦ C for 2 h, and
then air-cooled.

2.2.

HPT

The HPT device is manufactured by W. Klement GmbH (Lang,
Austria). The discs were HPT-processed in a semi-constrained
condition. The disc-shaped samples were placed in the die
cavity between two anvils and were subjected to a compressive
pressure of ∼6 GPa at room temperature. The upper anvil was
ﬁxed and a torsional strain was imposed by rotating the lower
anvil at 0.5 rpm. The low rotational speed can minimise the
frictional heat generation [29,30]. In order to cover a wide range
of shear strain, 9 different rotation angles were investigated:
15◦ (1/24 turn), 30◦ (1/12 turn), 45◦ (1/8 turn), 90◦ (1/4 turn), 180◦
(1/2 turn), 360◦ (1 turn), 720◦ (2 turns), 1080◦ (3 turns) and 1800◦
(5 turns). As shown in Fig. 1, in this study the HPT geometry is
deﬁned with RD, SD and SPN sample reference system.

2.3.

EBSD

The microstructure and texture of the HPT-processed commercial purity (CP) Al were investigated using the Electron
Backscatter Diffraction (EBSD) technique. The EBSD samples
were mechanically ground and electro-polished. The EBSD
scans were carried out at an accelerating voltage of 15 kV, at
a working distance of 15 mm. The EBSD measurements were
conducted on an axial cut plane, i.e. the SPN-RD plane, near
the periphery and at a radial distance of 4 mm from the disc
centre. The EBSD measurement area is shown schematically
in Fig. 1 as a red rectangle. The scanned areas range from
150 × 120 m2 to 50 × 40 m2 with increasing strain. At high
strains, the average grain size drops dramatically to about
0.6 m. In order to acquire enough data points for a given grain,
the corresponding scan step size decrease from 0.3 m at low
strains to 0.075 m for high strain samples. The Bunge nota-
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Fig. 1 – Schematic illustration of axial section of HPT disc. The EBSD measurement is conducted on SPN-RD plane, and the
observed area is shown as a red rectangle.

tion is employed in the orientation distribution function (ODF)
calculation. The reference frame for ODFs are X0 || SD, Y0 || SPN
and Z0 || RD in extrusion sample and HPT-processed samples.
The grain size is strongly inﬂuenced by the deﬁnition
of grain boundary. In this study, high angle grain boundary
(HAGB) refers to the grain boundary with misorientation angle
 ≥15◦ , and low angle grain boundary (LAGB) is deﬁned as the
grain boundary with 2◦ ≤<15◦ . HAGBs are highlighted by solid
black lines and LAGBs are denoted by solid grey lines in the
EBSD map.

Equivalent strain

2.4.

The material deformation mode of HPT is usually classiﬁed
as simple shear [31]. For this geometry, the shear strain distribution is symmetrical around the cylinder axis. The applied
shear strain  can be given by an equation in the idealized condition where the disc thickness (h) remains constant during
HPT [32,33] :
=

r
h

(1)

where r is the distance from the disc centre,  is the rotation
angle, and h is the thickness of the disc.
The equivalent strain, , is given by the following expression if the disc thickness is assumed to be constant during
torsional deformation after compression [34–37].

ε= √
3

(2)

Due to the shape of die cavity, the sample thicknesses
at the EBSD measurement areas decrease to 1.349 mm after
compression. In Table 2, the calculated equivalent strains of
the HPT samples with different rotation angles (from 15◦ to
1800◦ ) are listed. It should be noted that the actual equivalent
strains vary slightly within the scanned areas and the calculated equivalent strains are applicable only at the mid-points
of the scanned area. However, the deviations of equivalent
strains between centre and edge of the scanned rectangles
are less than 2%, which would not have signiﬁcant inﬂuence
on microstructure and texture analysis. Thus the equivalent
strains listed in Table 2 could be considered as the equivalent
strains of the entire rectangular scanned areas.

Table 2 – Equivalent strain values of the samples for
different rotation angles at the positions of red rectangle
shown in Fig. 1.
Sample No.

Rotation
angle  (deg.)

Shear strain ␥

Equivalent
strain 

1
2
3
4
5
6
7
8
9

15
30
45
90
180
360
720
1080
1800

0.78
1.55
2.33
4.66
9.32
18.63
37.26
55.89
93.15

0.45
0.90
1.34
2.69
5.38
10.76
21.51
32.27
53.78

3.

Results

3.1.

Microstructure and texture of as-annealed sample

The inverse-pole ﬁgure (IPF) coloured EBSD map of the sample before deformation is shown in Fig. 2(a). The sample was
cut from the rod deformed by extrusion along the SPN of the
HPT sample coordinate system, so that the initial grains in
the sample were elongated along the SPN. After annealing,
some grains still maintain the elongated shape along the SPN,
which can demonstrate the inﬂuence of compression on the
grain aspect ratio during HPT.
It is widely thought that simple shear is the predominant
deformation mode in HPT. The ideal texture components of
simple shear in FCC materials are A* 1, A* 2, A/Ab , B/Bb and C
[38,39] (Ab and Bb correspond to Ā and B̄ in previous publications, respectively). Due to the monoclinic sample symmetry
of HPT, A and B components are equivalent to Ab and Bb
components respectively. All ideal simple-shear texture components and the Cube component are presented in the 2 = 45◦
ODF section [40]. It is found that the Cube is the dominant
orientation but a fraction of the C component exists after
annealing as well. The positions of Cube and all ideal simple
shear texture components in 2 = 45◦ ODF section are shown
in Fig. 2(c).
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(a)
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(b)
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C

A∗

A∗

B
C

Fig. 2 – (a) IPF map of the extrusion sample after annealing, orientation colour code and sample reference system (b) ODF at
the 2 = 45◦ ODF section and (c) ideal simple shear and Cube components marked on the 2 = 45◦ ODF section. ED, extrusion
direction.

3.2.

Microstructure evolution

The IPF-coloured EBSD maps in Fig. 3 demonstrate the
microstructures of the specimens after HPT for an equivalent
strain  of up to 53.78. Individual grains are coloured according
to crystal direction relative to the SPN direction. In these EBSD
maps, the red colour stands for {100} <u v w > ﬁbre, which
represents the orientations whose [1 0 0] crystal directions are
perpendicular to SPN. In this study, {100} <u v w > ﬁbre mainly
includes Cube and C components. The green and blue colours
represent the {110} and {111} <u v w > ﬁbres, respectively.
As shown in Figs. 3 (a), the initial grain structure is visible
at most areas and the red colour ﬁbre is still mainly prevalent
at the strain  = 0.45. However, a remarkable microstructural
change is observed inside the grains. The increasing density of
substructures and the wider colour range indicate developing
substructures [23,41]. Speciﬁcally, a proliferation of LAGBs is
seen at this stage. As the imposed strain increases, dislocation
propagation gives rise to more opportunity for their mutual
reactions to form dislocation tangles and walls. Subsequently
the accumulation of the dislocation tangles and walls leads
to the formation of the LAGBs observed in the EBSD maps.
In addition, a number of newborn grains observed alongside
their parent grains indicate the onset of grain reﬁnement.
A signiﬁcant change in morphology is observed when the
strain  = 0.90. A periodic colour spread is seen in most areas
on the EBSD maps. The wider range of colours indicate that
more severe grain distortion has taken place at this deformation stage. As can be seen in Fig. 3 (b), a band-shaped structure

with irregular boundaries in place of the initial grain structure
predominates in the morphology. Under simple shear deformation, the material ﬂow line tends to align with the direction
of the shear deformation in three-dimensional space [42]. As
the HPT strain increases, the major axis of the grain parallel
to the SPN inclines towards the ﬂow line [22]. As a result, the
grain thickness and size projected on the SPN-RD plane (i.e.
on the EBSD maps) decreases. In addition, due to the compression and shear strain, the material ﬂows along the RD-SD
plane. Consequently, band-shaped structures are generated.
Inside the grains, a higher density of LAGBs is seen due to
continuous absorption of dislocations by dislocation walls at
a higher shear strain. In contrast to the stage where the equivalent strain is 0.45, the LAGB-free areas almost vanish. Small
newborn grains are found not only at the GBs but also inside
the parent grains.
In comparison with the stage of equivalent strain  = 0.90,
it is found that the grain size is smaller when the strain
 = 1.34 (Fig. 3(c)). Some of the intra-granular LAGBs observed
in the last deformation stage are transformed into HAGBs as
the shear strain is increased. As a result, the band-shaped
grains surrounded by the HAGBs are fragmented into smaller
grains. These new grains are subjected to the shear strain and
elongated into new band-shaped grains. As stated before, the
colours on the EBSD map denote different crystallographic
orientations. As the HPT deformation increases ( = 2.69), the
wider colour range represents further grain fragmentation.
Close examination of Fig. 3(d) reveals that the band shape
structures are fragmented into smaller structures, leading to
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further decline in the grain size and aspect ratio. At the higher
strain  = 5.38, the structures generated from the fragmentation at the equivalent strain of 2.69 are elongated again along

the RD, as shown in Fig. 3(e). It should be noted that the elongated structure as seen is only the projection of actual grains
on the SPN-RD plane of observation. The 3-dimensional shape

Fig. 3 – EBSD maps of samples after HPT at the equivalent strain of (a) 0.45, (b) 0.90, (c) 1.34, (d) 2.69, (e) 5.38, (f) 10.76, (g)
21.51, (h) 32.27 and (i) 53.78.

j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):6642–6654
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Fig. 4 – Average grain sizes and aspect ratios of the HPT samples at the same areas observed by EBSD.

of the real grain is shrunk along the SPN and stretched in the
SD and RD during HPT.
As the equivalent strain  increases to 10.76, as shown in
Fig. 3 (f), it is interesting that highly elongated structures still
predominate in the morphology, but the grain size seems to
be larger than that at the equivalent strain of 5.38. This is
consistent with previous observations in HPT [43,44], where
the grains close to the centre of sample are smaller and
more severely deformed while the highly strained grains at
the periphery of disc are larger. It is believed that the grain
growth at higher strains is associated with dynamic recrystallization [45] or GB migration [46–48]. As the equivalent strain
 increases to 21.51, many LAGBs can still be observed within
the grains, but the interiors of the grains become cleaner. This
indicates that some of the LAGBs are converted into HAGBs by
absorbing dislocations progressively, causing a fall in the density of intra-granular LAGBs. As a result, the grain size shows a
signiﬁcant drop. However, the areas of agglomerates with close
orientations imply that completely homogeneous microstructure and orientation have not been achieved at the stage. For
the equivalent strains of 32.27 and 53.78, the morphology and
the colour spreads are remarkably identical. This implies that
a saturation in grain reﬁnement has been achieved. The LAGBs
observed at the equivalent strain of 21.51 continue to be converted to HGABs due to the greater imposed shear strain. As a
consequence, new grains surrounded by HAGBs are generated.
The grain size has reduced to the UFG scale. The grains are
not band-shaped any longer. More and more grains become
more equiaxed, and the microstructure distribution is nearhomogenous in the two areas.

3.3.

Quantitative microstructure characteristics

In this study, four parameters are used to quantitatively
represent the characteristics of grain fragmentation and
reﬁnement: grain size, grain aspect ratio, misorientation angle
distribution (MAD) curve and fractions of LAGBs and HAGBs.
The grain size is calculated by the equivalent diameter of a

ﬁtted circle to a grain, and the grain aspect ratio is deﬁned as
the ratio of major to minor axis of a ﬁtted ellipse. As shown
in Fig. 4, the average grain size of the as-annealed sample is
about 11 m. As explained earlier, some of the initial grains
are elongated along the SPN after annealing, resulting in an
average aspect ratio of about 2.55.
The average grain size decreases sharply to 5.96 m after
processing by HPT at the strain  = 0.45. However, as observed
previously, the initial grain structure is retained to a large
extent at this stage. The dramatic drop in grain size is
attributed to the formation of small grains in the vicinity of
GBs. The average aspect ratio shows a similar trend, decreasing moderately to 2.08. The drop in aspect ratio is associated
with the applied compression along the SPN before the HPT
rotation and the formation of newborn grains. As shown in
Fig. 5 and Fig. 6, the relative frequency of HAGBs is extremely
low (13.0%), and the curve peaks at a low misorientation
angle of ∼2◦ . The density of LAGBs is increased by absorbing
dislocations at the accumulated strain  of 0.90. The dislocation absorption will lead to an increase in the misorientation
of neighbouring grains. As a result, the peak misorientation
angle shows a shift towards a larger value. Concurrently, the
fraction of HAGBs increases to 19.3%, which is related with the
considerable generation of small grains. Thus the grain size
has been signiﬁcantly reduced to 2.87 m. The corresponding
aspect ratio increases to the maximum value of 3.32 due to the
formation of band-shaped structures. The maximum of aspect
ratio is approximately consistent with a previous result of Al
torsional deformation [49].
With increasing deformation to equivalent strain levels of
1.34 and 2.69, both the grain size and the aspect ratio illustrate
a slight downward trend due to grain fragmentation. Specifically, at the two stages, the average grain sizes decrease to
2.70 m and 2.04 m, while the aspect ratios reduce to 3.20
and 2.34 respectively. It can be seen from the MAD curves that
LAGBs with low  are progressively transferred into the LAGBs
with high  and the HAGBs via dislocation absorption at the
former stage. As a result, the fraction of HAGBs is increased

6648

j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):6642–6654

Misorientation distribution
0.4

0.35

0.3

15-30°

Rel. Frequecy

0.25

0.2

0.15

30-60°
0.1

0.05

0
0

10

20

30

40

50

60

Misorientation angle (deg.)
Fig. 5 – MADs of samples processed by HPT at the same areas of EBSD observation. The insets are the zoomed-in portions of
MADs corresponding to different misorientation angles.

Low angle grain boundaries

High angle grain boundaries

Fraction of boundaries

100%

9.8%
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80%
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59.9%
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87.0%

55.3%

80.7%

40%
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0.90

1.34

2.69

5.38

10.76

21.51

32.27

53.78

Equivalent strain ε
Fig. 6 – fractions of LAGBs and HAGBs at different deformation stages.

to 30.5%. The trend in the MAD curve continues until  = 21.51.
The growth in the fractions of LAGBs with relatively high 
(about 6◦ ) and the HAGBs is accelerated, whereas the relative
frequency of LAGBs with relatively low  is reduced.
As the equivalent strain  increases to 5.38, the grain size is
stabilized within a narrow range, indicating no further grain
fragmentation. The grains are not further reﬁned even though
the increase in strain at this stage is the same as the cumulative strain at all previous stages. Therefore, the relationship
between the grain size and the strain is non-linear. Although

no signiﬁcant grain fracture takes place, a notable change
in grain shape is observed. The aspect ratio rises dramatically to 3.06, which is due to the elongation of new grains
born from the grain fragmentation at the equivalent strain
of 2.69. The fraction of LAGBs declines to 53.7% but that of
HAGBs increases, as LAGBs are transformed into HAGBs constantly with increasing deformation. In terms of morphology,
the increase in fraction of HAGBs and stable grain size represent the most of new HAGBs generated at this stage are
discontinuous.
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(b)

(c)
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90°
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Fig. 7 – 2 = 45◦ ODF maps of the samples at the equivalent strain of (a) 0.45, (b) 0.90, (c) 1.34, (d) 2.69, (e) 5.38, (f) 10.76, (g)
21.51, (h) 32.27 and (i) 53.78.

The slight grain growth owing to dynamic recrystallization
or GB migration occurs when the strain  increases to 10.76.
As a result, the consistent decline in grain size is reversed and
the average grain size grows slightly from 2.06 m to 2.13 m.
Concurrently, the average aspect ratio decreases to 2.98. During the process of GB growth, some grains grow at the expense
of some other grains, causing a decrease in the number of
grain boundaries. Therefore, the rising trend of the relative
frequency of HAGBs does not continue at this stage. The fraction of HAGBs reduces to 40.1%. At the strain  of 21.51, the
conversion from LAGBs to HAGBs leads to the generation of
new grains. It follows that both the grain size and aspect ratio
decrease to 1.23 m and 2.64, respectively. Close inspection
reveals that the relative frequencies of HAGBs and LAGBs with
low  increase while the relative frequency of LAGBs with high
 drops drastically, denoting that the dislocation absorption by
HAGBs is faster than by LAGBs at this stage.
As the strain  increases to 32.27 and 53.78, the average
grain sizes fall to the UFG level (600 nm and 580 nm, respectively). Besides, the average aspect ratios level out at about
1.6. It is found that the two parameters are stabilized at the
two stages, indicating the saturation of grain reﬁnement. The
fractions of HAGBs increase rapidly to peak at the expense
of LAGBs. Consequently, the fractions of LAGBs drop to about
10%. Bimodal distributions in MAD reveal two peaks at low
(∼2◦ ) and high (∼45◦ ) misorientation angles.

3.4.

Texture evolution

In Fig. 7, the 2 = 45◦ ODF sections demonstrate the texture
evolution of the HPT discs deformed by up to 1800◦ . Volume
fraction is a method of comparing textures [50]. Fig. 8 shows
the volume fractions of ideal simple-shear texture components with an orientation tolerance of 10◦ at the same areas.

As can be seen in Fig. 7(a), the original texture in the asannealed sample, i.e. the Cube and the C components, can
still be observed on the ODF maps of the sample subjected to
the strain  of 0.45 with volume fractions of 4.57% and 3.64%,
respectively.
It is well known that texture is essentially a cluster of crystallographic orientations with close Euler angles. At the strain
 of 0.90, different colour aggregations on the EBSM map represent the variety of texture components. Accordingly, the
volume fractions of all ideal components with the exception
of Cube and C increase many-fold. The preferred orientations
have been rotated to the positions of B/Bb , whose volume
fraction accounts for about 5.5%. Most of the B/Bb texture components have already been transformed into the components
of C (3.16%) and A* 2 (6.97%) when the strain  increases to
1.34. At a strain  of 2.69, the prevalence of the C and A* 2
components has been replaced by the newly developed B/Bb
(3.19%), A* 1 (1.88%) and A/Ab (5.30%) components. The high
subdivision of the elongated grains into smaller grains should
be responsible for the decreases of the C and A* 2 components
[51].
At the strain  of 5.38 and 10.7, signiﬁcant grain elongation occurs once again. It follows that the volume fraction of
the C component progressively increases to 1.52% and 5.81%
at the two stages, respectively. In addition to the C component, the volume fraction of A* 1component drops sharply
from 4.81% to 0.4%, while that of A* 2 component demonstrates a reverse trend and increases signiﬁcantly from 0.41%
to 3.52% when the strain  increases from 5.38 to 10.7. With
the increase in strain  to 21.51, the subdivision of grains
leads to the emergence of new predominant texture components, A/Ab (6.92%) and B/Bb (2.75%). At  = 32.27 and 53.78, the
composition of major components is the same although their
volume fractions vary slightly with the increase of strain. Fur-
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Fig. 8 – Volume fractions of ideal simple-shear orentations on the HPT samples at different deformation stages.

ther deformation causes more divergent orientation rotation.
As shown in Fig. 7(h) and (i), the orientation spread is promoted
and the crystallographic orientations which occupy the positions of B/Bb , A* 1 and A* 2 rotate away gradually when the
strain  increases from 32.27 to 53.78. The saturation of grain
size implies the achievement of typical simple shear components at the two stages. It is known that for a high SFE FCC
material, the typical simple shear texture is composed of a
strong B ﬁbre (A/Ab , B/Bb and C) and a less strong A ﬁbre (A* 1,
A* 2 and A/Ab ) [52]. This is in good agreement with the current
measurements on texture components. In addition, it is found
that the C orientation can remain stable at large strains.

4.

Discussion

4.1.

Microstructure evolution

In this study, it is found that grain reﬁnement is not a linear
function of the shear strain in HPT. For example, when the
equivalent strain  increases from about 3–11, the grain size
is stable although the increase in shear strain at this stage
approximates the cumulative strain of all previous stages.
Signiﬁcant grain reﬁnement mainly takes place during two
stages. One stage is in the equivalent strain range from ∼0
to 1, and the other from ∼11 to 32. For  > ∼32, saturation of
grain reﬁnement is achieved.
Generally, the microstructure evolution during the HPT
process can be roughly divided into two different stages:
fragmentation and saturation [20]. In the present study, however, detailed observations demonstrate that the so-called
fragmentation stage actually comprises many sub-stages of
grain fragmentation and elongation. The major microstructural evolution of the grain fragmentation and elongation is
schematically demonstrated in Fig. 9. The black line and the
blue line represent the HAGB and LAGB, respectively. During
the fragmentation process, the parent grains are subdivided

into smaller grains with low intra-granular dislocation density [53]. Thus their grain size decreases dramatically. During
the process of elongation, the grains formed as a result of
the fragmentation process are elongated without severe fragmentation, and the dislocation density inside these grains
rises signiﬁcantly, leading to the emergence of new intragranular LAGBs owing to dislocation mutual reaction. With
further deformation, these intra-granular LAGBs are converted into HAGBs by absorbing dislocation, representing the
onset of new fragmentation process. The two processes occur
alternatively until the saturation stage where the dislocation
formation is balanced with dislocation absorption [43]. Noteworthy, because of the coexistence of elongated grains and
new-born grains, the two processes are not mutually exclusive at the same stage. For example, the equivalent strain of
0.90 <  < 1.34 is a combination stage of grain fragmentation
and elongation, while the equivalent strain of 1.34 <  <2.69
and 2.69 <  <5.38 are the stages at which the fragmentation
process and the elongation process are dominant, respectively.

4.2.

Lattice rotation retardation at steady-state stage

It is generally considered that the development of torsional
texture is considerably complicated. All parts of the cylindrical sample except the axis are continuously rotated during
the entire torsional deformation process. As a result, a stable
texture is rarely observed in torsional deformation and the
strength of the torsional texture is generally less than that
of plane strain or axisymmetric deformation texture. Oscillation in texture is expected due to the periodic change in SD.
This deduction is consistent with the simulation on the simple
shear process [54]. In the present study, however, although the
orientation spread ascends with increasing strain, it is found
that the texture pattern does not change very much from a
strain  of 32.27 onwards.. The texture stability is also observed
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(I) Initial grains are elongated and part of LAGBs are
converted into HAGBs by absorbing dislocations.
(II) Grains are subdivided into smaller grains with

(c)

relatively low aspect ratio and dislocation density.
(III) New-born grains are elongated. Elongation
process starts again and more intragranular
LAGBs emerge.

(d)

(Ϫ) Elongation

Fig. 9 – Schematic diagram of the grain elongation process and fragmentation process in Al during HPT.

in other HPT experiments at steady-state stages where UFG or
NC structures are achieved, which is considered as an apparent effect [55,56]. The mechanism of dynamic equilibrium is
probably the main reason for the apparent effect, i.e. a balance
is established between texture component formation and disappearance. In addition, texture development is linked with
lattice rotation [57,58]. Accordingly, the factors that affect the
lattice rotation will necessarily play certain roles in the texture
evolution. In this section, the dependence of the lattice rotation rate on the grain size at steady-state stage is discussed.
The development of texture essentially involves diverging
grain rotation. A grain fragmentation model proposed by Toth
et al. successfully simulated the torsional texture [59]. The
model is based on the assumption that a grain lattice rotation within an individual grain is impeded by friction from
its neighbouring grains. As a result, the rotated grain could
be divided into two layers. The deformation of outer layer
adjacent to the GB gives rise to dislocation activities and the
concomitant lattice distortion. The inner layer not inﬂuenced
by the GB could be considered as a rigid body. The dislocation
activities gradually become weak as the grain size reduces to
the nano scale. Dislocation sources and pile-ups are hardly
expected in materials tens of nanometres in grain size, due
to limited grain size and higher density of GBs [60], so that
the distortion layer is negligible in this case. Moldovan et al.
[61] proposed a model to investigate the grain rotation driven
by diffusion in the materials with tens of nanometre size. In
the model a grain could be regarded as a rigid body due to its
negligible distortion layer, and the rigid body rotation is a viscous process. In the present study, the grain shapes are seen
to become relatively equiaxed and the average grain size is
stabilized from a strain  of ∼32 onwards. Generally speaking, the most severe distortion occurs at the grain fringes
[62]. The HPT experiment revealed that although high geometrically necessary dislocation (GND) density can be found

within some grains, the lattice curvatures of UFG materials
are absent overall at the steady-state stage [45]. This indicates
that the distorted regions are narrow and that the texture
of grains mainly depends on the orientation of inner regions
which are not affected by distortion. Therefore, the narrow
deformation zone at the thin outer layer could be neglected
without large deviations. Furthermore, the periodic change of
the shear direction at constant angular velocity gives rise to
the continuous lattice rotation during HPT deformation. Following the arguments presented above, the constraining effect
of grain rotation with respect to its surrounding grains could
be modelled in terms of rotational friction for a spherical body
with the viscous GB-sliding condition rotating with a constant
angular velocity. The frictional force F is calculated by a modiﬁed equation [63]:
F = -4R

(3)

where  is the dynamic viscosity, R is the radius of the sphere
and  is the rotation velocity.
The sphere rotation is retarded due to an angular acceleration ␣ resulting from the frictional force F:
␣=

M R×F
15
×n
=
=I
I
2R3

(4)

where M is the frictional torque on the sphere, I is the rotational inertia of the sphere,  is the density and n is a unit
vector normal to the surface.
The frictional angular deceleration hinders the lattice
rotation. According to Eq. (4), it is clear that the angular acceleration ␣ increases with a reduction in grain size. As a result,
the development of texture is retarded. It is noteworthy that
in practice, lattice rotation could be effected by many factors such as grain shape and temperature, apart from grain
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Fig. 10 – The grain size ratio of ideal components at different deformation stages.

size. In addition, the inﬂuence of grain size on lattice rotation varies for different grain size ranges. When the grain size
drops further to dozens of nanometres, the activation of lattice diffusion owing to higher density of GBs could accelerate
lattice rotation [61].

4.3.

Sensitivity of fragmentation to grain orientation

The resistance of grains to subdivide depending on their orientation is expected in torsional deformation. Speciﬁcally, it
is widely believed that the orientation gradients in ideally
oriented grains are generally less than those in the grains
at non-ideal positions. This behaviour could be explained by
the model of crystallographic rotation ﬁeld for torsion [64–66].
According to the model, the orientations away from ideal
positions have high lattice rotation rates, whereas the lattice
rotation rates approach zero for orientations close to ideal
positions. It is well known that the subdivision of a grain is
due to the diverging rotation of its adjacent parts. As a result
of different lattice rotation rates, ideal orientations could be
sustained over relatively appreciable strains, and non-ideal
orientations are prone to fragmentation.
In this study, the grain size ratio is deﬁned as the ratio of
the average grain size of a certain component to the average
grain size at the same strain level. The grain size ratios of
ideal simple shear components at different stages are shown
in Fig. 10. For a stable orientation, the grain size ratio is theoretically greater than 1. In Fig. 10, it is found that the ideal
components do not demonstrate any regularly fragmentationresistant behaviour at the ﬁrst two stages. This is possibly
because monoclinic symmetry has not been yet fully achieved
at the preliminary stages. With increased deformation, an
apparent correlation between the grain size ratio and the
volume fraction of simple shear components (cf. Fig. 8) is
detected for the strain range of 1.34 to 21.51. Speciﬁcally, the
grain size ratio of a component is proportional to its volume
fraction in most cases. The components with high volume

fractions generally have high grain size ratios. However, not
all the grains oriented near ideal positions are less reﬁned
than other grains. The average grain sizes of weak components
are mostly smaller, indicating that the resistance of a component to fragmentation is sensitive to its volume fraction.
From the strain  of 32.27 onwards, the inﬂuence of orientation
on fragmentation is gradually diminished with the exception
of the C component when the average grain size falls to the
nanometre level. This is in good agreement with a previous
observation [28]. This behaviour could be explained by the
inﬂuence of grain size. As stated before, intra-granular orientation gradients become very small at this grain size level. The
absence of high intra-granular orientation gradient prevents
the subdivision of all grains. As a result, the discrepancies of
fragmentation between ideal components and non-ideal components tend to diminish and the sensitivity of fragmentation
to grain orientation gradually decreases. The high resistance
to fragmentation of the C component is possibly associated
with its self-symmetry [27]. Further evidence can be sought
for in future studies.

5.

Conclusion

In this paper, the evolution of microstructural characteristics
and texture of the HPT-processed CP Al were studied. The
research ﬁndings can be summarised as follows:
1 Grain reﬁnement is not a linear function of the shear strain
in HPT. Signiﬁcant grain reﬁnement mainly takes place in
two stages, i.e. the equivalent strain of ∼0<  < 1 and ∼11<
 < 32. For a strain  > ∼32, saturation of grain reﬁnement is
achieved.
2 Grain fragmentation and grain elongation are two important aspects of microstructural evolution before attainment
of steady state during HPT deformation. The grain fragmentation and grain elongation appear alternately until the
saturation stage.
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3 The lattice rotation of UFG materials involves grain size in
the steady-state stage, in which the development of texture
is slowed down with decreasing grain size.
4 The strong simple shear components generally have larger
grain size than weak simple shear components and nonideal components. The resistance of an ideal component
to fragmentation is related with its volume fraction. The
sensitivity of fragmentation to grain orientation diminishes
in the steady-state stage.
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